Electrochemical in situ fast time-resolved microscope FTIR reflection spectroscopy and its applications in the studies of surface dynamic processes on nanostructured Pt electrodes by 周志有
学校编码：10384             分类号         密级        
学号：B200025031            UDC                        
 
厦门大学 




Electrochemical in situ fast time-resolved microscope FTIR 
reflection spectroscopy and its applications in the studies of 




指导教师姓名：孙世刚  教授 
专 业  名 称：物 理 化 学 
论文提交日期：2004年 6月 
论文答辩时间：2004年 7月 
学位授予日期：2004 年  月 
 
答辩委员会主席：陆天虹  教授 


























                声明人（签名）： 













































§2.3 电化学原位 FTIR反射光谱………….…..……….…………………….52 
§2.3.1 红外光谱仪………..……….………………………………………..52 
§2.3.2 自行设计的仪器接口………..……….…………………………..…53 

















§ 3-1 SSTR-FTIR光谱的原理及特点………..……….……………………….58 
§ 3-2 信号同步仪的设计与制作…………………………………..……….…62 
§ 3-3 常规尺寸电极的电化学原位 SSTR-FTIR光谱……..……….…………67 
§ 3-3-1 原位光谱体系………..……….…………………………..………….67 
§ 3-3-2光谱体系的表征………..……….……………………………………67 
§ 3-3-2-1 nm-Pt/GC表面吸附态CO的MSFTIR光谱研究………………69 
§ 3-3-2-2 nm-Pt/GC表面吸附态CO的SSTR-FTIR光谱研究…………....71 
§ 3-3-2-3 薄层溶液欧姆降补偿….…………………………………….….74 
§ 3-3-3 薄层溶液中常规尺寸电极暂态响应的模拟….…………….………76 
§ 3-4电化学原位步进扫描时间分辨显微 FTIR反射光谱….……………….79 
§ 3-4-1 步进扫描时间分辨显微 FTIR反射光谱体系的建立………………80 
§ 3-4-2微电极制作与表征……….…………………………………………..81 
§ 3-4-2-1 Pt微电极的制作….………………………………………….…..81 
§ 3-4-2-2 Pt微电极电位响应速度的交流阻抗表征………………………83 
§ 3-4-2-3 Pt微电极扩散传质速度的表征……………………….………...85 
§ 3-4-3 MCT检测器直流偶合放大器的设计与制作…………….…………87 
§ 3-4-4光谱实验体系的表征………………………………………………..88 
§ 3-4-4-1 CV表征………………………………………………….………88 
§ 3-4-4-2 吸附态 CO的MSFTIRS研究………………………………….89 
§ 3-4-4-3 溶液流动对电极暂态响应长期稳定性的影响……….…..……90 
§ 3-4-4-4 吸附态 CO的 SSTR-MFTIRS研究……………………….……93 
§ 3-4-4-5 电化学与红外响应的对比………………………………...……95 




第四章 电极表面 CO吸附态转化过程及动力学的 SSTR-MFTIRS研
究….……………………………………….…………………………………..104 
§ 4-1实验条件的确定….…………………………………………………….105 
§ 4-1-1 Pt微电极表面纳米结构制备….……………………………………105 
§ 4-1-2 溶液pH的确定….………………………………………………….106 
§ 4-1-3 循环伏安表征………………………………………………………107 













§ 4-2 表面 CO吸附态之间转化过程的 MSFTIRS研究………………………109 
§ 4-2-1 MSFTIRS光谱及其特征…………………………………………...109 
§ 4-2-2 吸附态CO之间转化的可逆性的研究…………………………….112 
§ 4-3 表面 CO吸附态之间转化的 SSTR-MFTIRS研究………………………115 
§ 4-3-1 SSTR-MFTIRS光谱………………………………………………...115 
§ 4-3-2表面 CO吸附态之间的转化动力学研究………………………….119 
§ 4-3-2-1界面电场建立速度…………………………………….……….119 
§ 4-3-2-2 表面 CO吸附态之间转化过程中 COL的峰位变化规律……121 
§ 4-3-2-3 COB与 COL之间的转化动力学研究……..……………….…..122 
§ 4-3-2-4 COLi向 COL*的转化动力学研究…………..………………….124 
§ 4-4表面 CO吸附态之间转化过程的讨论…………………………………125 
§ 4-4-1 表面CO吸附态之间转化过程…………………….………………125 




第五章 不可逆反应的 SSTR-MFTIRS研究－CO氧化动力学 ……135 
§ 5-1 用于研究不可逆反应的 SSTR-MFTIRS测量体系的建立 ……………137 
§ 5-1-1 原位红外光谱体系…………………………………………………137 
§ 5-1-2电解池的设计……………………………………………………….137 
§ 5-1-3微电极的设计……………………………………………………….139 
§ 5-2 SSTR-MFTIRS研究 CO氧化的实验条件的确定………………………140 
§ 5-2-1 电极的预处理………………………………………………………141 
§ 5-2-2 流动体系的必要性…………………………………………………143 
§ 5-2-2 nm-MEPt(tw)上吸附态 CO的MSFTIRS研究…………………….145 
§ 5-2-3 CO吸附电位的确定………………………………………………..147 
§ 5-2-4 合适薄层厚度的确定………………………………………………147 
§ 5-2-5 CO吸附时间的确定………………………………………………..150 
§ 5-2-6 CO吸附的重现性…………………………………………………..152 
§ 5-3 CO氧化动力学的 SSTR-MFTIRS的研究………………………………155 
§ 5-3-1 SSTR-MFTIRS光谱………………………………………………...155 







§ 6-1 循环伏安（CV）表征…………………………………………………164 






















§ 7-1 RSTR-FTIR光谱的原理…………………………………….………….180 
§ 7-2 RSTR-FTIR光谱与 CV联用体系的建立………………………………181 
§ 7-2-1 电极池体系…………………………………………………………181 
§ 7-2-2 恒定位仪和光谱仪的同步控制………………...………………….182 
§ 7-3 nm-MEPt(sw)上甲醇氧化的 RSTR-FTIR光谱和 CV联用研究…………184 
§ 7-3-1光谱采集和数据处理方法………………………………………….184 
§ 7-3-2甲醇氧化的可重复性研究………………………………………….186 
§ 7-3-3 甲醇氧化的 CV特征…………………………………….…………188 
§ 7-3-4 甲醇氧化的 RSTR-FTIR光谱……………………………………..189 
§ 7-3-5甲醇氧化过程的RSTR-FTIR光谱分析………………….…………192 
§ 7-3-5-1 甲醇氧化产物的动态过程………………………….…………192 
§ 7-3-5-2 CO红外峰位与电位的关系………………………….………..196 




















Table of Contents 
Abstract in Chinese ……………………………………………………….…Ⅰ 
Abstract in English …………………………………………………………..Ⅱ 
Chapter 1  Introduction……………………………………………………1 
§1-1 Summary………………………………………………………..……...…...1 
§1-2 Traditional electrochemical dynamic methods.…….…..…..……….........1 
§1-3 in situ spectroelectrochemical dynamic methods………….….……….…3 
§1-3-1 UV-Vis spectroscopy………………………………………..……….….5 
§1-3-2 Raman spectroscopy………………………………..……….…….……5 
§1-3-3 Nonlinear optical spectroscopy……………………….……..……….…7 
§1-3-4 IR spectroscopy……………………………………..….…….…………8 
§1-3-4-1 IR spectrometer…………………………………..…….…………..8 
§1-3-4-2 Electrochemical in situ infrared reflection spectroscopy…….…...10 
§1-3-4-3 Electrochemical in situ time-resolved infrared spectroscopic 
techniques………………………………………………….……………..…..12 
§1-3-5 Differential electrochemical mass spectrometry……………..……..….……20 
§1-4 Dynamic process of adsorbed CO………………..……..……...………..21 
§1-4-1 Bonding character of adsorbed CO……………………..…….……….21 
§1-4-2 Interaction between adsorbed CO……………………………..………22 
§1-4-3 Oxidation process of adsorbed CO………………...……………..…...25 
§1-5 Adsorption and conversion processes of SCN- on electrode surface..…26 
§1-6 The objectives and plans of this dissertation…………..………….…….29 
References……………………………..……….…………………………...……31 
 
Chapter 2  Experimental………………………………………………….51 
§2.1 Reagents and solutions…………………………………………………...51 
§2.2 Electrochemical system………………………………………………….…51 
§2.2.1 Electrodes………………………………………………………………..51 
§2.2.2 Electrochemical apparatus……………………………………………52 
§2.3 Electrochemical in situ FTIR reflection spectroscopy………………….52 
§2.3.1 IR apparatus..……….………………………...………………………..52 













§2.3.3 In situ FTIR spectroscopy……...…………………………………..…..53 
References………..…….…………………………..………...…………………..56 
 
Chapter 3  Establishment and characterization of electrochemical 
in situ step-scan time-resolved microscope FTIR reflection 
spectroscopy………..…………………………………….……………………57 
 
§ 3-1 Principle and characteristic of SSTR-FTIR spectroscopy………..…….58 
§ 3-2 Design and fabrication of signal synthesizer………………………….…62 
§ 3-3 Establishment of SSTR-FTIR spectroscopy for normal electrodes……67 
§ 3-3-1 In situ spectrometry system……………………………...…..…………..67 
§ 3-3-2 Characterization of spectrometry………..……….…………………………67 
§ 3-3-2-1 MSFTIRS study of CO adsorbed on nm-Pt/GC…………..………69 
§ 3-3-2-2 SSTR-FTIRS study of CO adsorbed on nm-Pt/GC….….………...71 
§ 3-3-2-3 Ohmic drop compensation in the thin-layer cell………………….74 
§ 3-3-3 Transient response simulation of normal electrodes in thin-layer 
solution.. ……………………………………………………………………….76 
§ 3-4 Electrochemical in situ step-scan time-resolved microscope FTIR 
reflection spectroscopy….……………………………………………………….79 
§ 3-4-1 Establishment of SSTR-MFTIRS system…………………………...…80 
§ 3-4-2 Fabrication and characterization of microelectrodes…………………..81 
§ 3-4-2-1 Fabrication of Pt microelectrode….……………….……….….…..81 
§ 3-4-2-2 AC impedance characterization of Pt microelectrode………..……83 
§ 3-4-2-3 Diffusion-mass transfer of Pt microelectrode………………...…...85 
§ 3-4-3 Design and fabrication of DC-coupled amplifier MCT detector………87 
§ 3-4-4 Characterization of SSTR-MFTIRS…………………….……………..88 
§ 3-4-4-1 Cyclic voltammetric characterization………………..……………88 
§ 3-4-4-2 MSFTIRS study of CO adsorbed on MEPt(CV)………………….89 
§ 3-4-4-3 Effect of flow rate on stability of microelectrode transient 
response…………………………………………………………………...…90 
§ 3-4-4-4 SSTR-MFTIRS study of CO adsorbed on MEPt(CV)…….………93 
§ 3-4-4-5 Comparison of transient response between electrochemistry and 
infrared spectroscopy………………………………………………..………95 
















Chapter 4 SSTR-MFTIRS study of surface dynamic processes and 
kinetics of site conversion of adsorbed CO…………………………...104 
§ 4-1 Optimization of experimental conditions………………...…………….105 
§ 4-1-1 Preparation of nanostructured Pt microelectrode……………..………105 
§ 4-1-2 Optimization of solution pH………………………………………….106 
§ 4-1-3 Cyclic voltammetric characterization…………………………...……107 
§ 4-1-4 AC impedance characterization………………………………………108 
§ 4-2 MSFTIRS study of site conversion of adsorbed CO……..……………109 
§ 4-2-1 MSFTIRS results………………………………………………....…...109 
§ 4-2-2 Reversibility study of CO site conversion…………………………....112 
§ 4-3 SSTR-MFTIRS study of CO site conversion………………………...…115 
§ 4-3-1 SSTR-MFTIRS results………………………………………………..115 
§ 4-3-2 Dynamics of site conversion of adsorbed CO……………………..….119 
§ 4-3-2-1 Setting rate of interface electric field…………………………….119 
§ 4-3-2-2 Variation principle of band center of COL ………………….……121 
§ 4-3-2-3 Dynamics of the conversion between COB and COL………...…..122 
§ 4-3-2-4 Dynamics of the conversion between COLi and COL*………..….124 
§ 4-4 Further discussion of site conversion of adsorbed CO……..….………125 
§ 4-4-1 surface processes site conversion of adsorbed CO………………...…125 




Chapter 5 SSTR-MFTIRS studies of irreversible electrochemical 
reaction: oxidation of adsorbed CO ………………………………..…135 
§ 5-1 SSTR-MFTIRS system for irreversible reaction………………………137 
§ 5-1-1 In situ spectrometry system..………………………………...…………137 
§ 5-1-2 Fabrication of flow cell……………………………………………….137 
§ 5-1-3 Fabrication of Pt microelectrode……………………..……………….139 
5-2 Experimental conditions optimization for CO oxidation studied by 
SSTR-MFTIRS…………………………………………………………………139 
§ 5-2-1 Pretreatment of Pt microelectrode…………………………………....141 













§ 5-2-2 MSFTIRS study of CO adsorbed on nm-MEPt(tw)………………….145 
§ 5-2-3 Optimization of adsorption potential………………………………....147 
§ 5-2-4 Optimization of thickness of thin-layer………………………………147 
§ 5-2-5 Optimization of adsorption time………………………………….…..150 
§ 5-2-6 Repeatability of CO re-adsorption………………………………..…..152 
§ 5-3 SSTR-MFTIRS study of the dynamics of CO oxidation………………155 
§ 5-3-1 SSTR-MFTIRS results………………………………………………..155 




Chapter 6 SSTR-MFTIRS studies of dynamics of adsorbed SCN- 
orientation conversion…………………………………………………….164 
§ 6-1 Cyclic voltammetric characterization…………………………….……164 
§ 6-2 MSFTIRS study of adsorbed SCN- orientation conversion………..…166 
§6-3 SSTR-MFTIRS study of adsorbed SCN- orientation conversion……..169 
§6-3-1 Design of sample potential sequence………………………………….169 
§6-3-2 SSTR-MFTIRS results…………………………………………...……170 




Chapter 7 Establishment of electrochemical in situ rapid-scan 
time-resolved FTIR spectroscopic: dynamic processes of methanol 
oxidation in alkaline solution…………………….……………………..179 
§ 7-1 RSTR-FTIRS principle………………………………………………………………..…………..180 
§ 7-2 Establishment of RSTR-FTIRS combined with CV………………..…181 
§ 7-2-1 cell……………………………………………………………………181 
§ 7-2-2 synchronization between potentiostat and IR spectrometer………….182 
§ 7-3 RSTR-FTIRS study of methanol oxidation on nm-MEPt(sw)…….….183 
§ 7-3-1 Spectral collection procedures and data treatment………………...….184 
§ 7-3-2 Repeatability characterization of methanol oxidation……………..…186 













§ 7-3-4 RSTR-FTIRS study of methanol oxidation…………………………..189 
§ 7-3-5 Spectral analysis for RSTR-FTIRS of methanol oxidation.……..……192 
§ 7-3-5-1 Dynamic processes of products from methanol oxidation…….…192 
§ 7-3-5-2 Relationship between bands center of CO and potential…….…..196 






































纳米结构 Pt微电极上吸附态 CO的不可逆氧化经历“成核－成长” 机理。 （3）
运用 SSTR-MFTIRS 研究了纳米结构 Pt 微电极上吸附态 SCN-的电位诱导取向


























Electrochemical in situ infrared reflection spectroscopy, on the basis of its 
fingerprint and surface selection rules, can identify the nature of adsorbates and 
their surface bonding and orientation in electrode/electrolyte interfaces. The 
time-resolved and space-resolved spectroscopy have become currently two main 
directions of the development of electrochemical in situ IR spectroscopy. The 
former is unique in probing short lifetime intermediates, tracking reaction 
processes and providing dynamic information at molecule level in 
electrochemistry. 
In this thesis, we have established an electrochemical in situ step-scan 
time-resolved microscope FTIR external reflection spectroscopy (in situ 
SSTR-MFTIRS). The setup consists of an infrared microscope working with 
microelectrodes, and a home-designed and fabricated signal synchronizer. The 
time resolution of in situ spectra can reach up to 10µs. Abnormal infrared effects 
(AIREs) of the nanostructured Pt microelectrode was used to improve 
significantly the IR determination sensitivity. The fast time-resolved FTIRS 
carried out in a thin-layer IR cell extended the possibility of using in situ 
SSTR-MFTIRS to study a wide variety of electrochemical reactions. It has been 
demonstrated that the SSTR-MFTIRS is a promising tool to be used in studies of 
kinetics and surface processes of fast reactions. 
The studies include: (1) the dynamic processes of site conversion between 
bridge bonded CO (COB) and linear bonded CO (COL) on a nanostructured Pt 
microelectrode. Based on the determination of intermediate CO species in the 
site conversion processes and the acquisition of quantitative data of concerning 
the kinetics, a model of site conversion of adsorbed CO was suggested; (2) A 















mass transfer were specially designed and fabricated, which allow irreversible 
electrochemical reactions to be studied by SSTR-MFTIRS. It has illustrated that 
the irreversible oxidation of CO adsorbed on nanostructured Pt microelectrode 
occurred according a nucleation and growth mechanism; (3) The potential 
induced orientation conversion of SCN- adsorbed on nanostructured Pt 
microelectrode was also investigated by using the SSTR-MFTIRS. It was found 
that the conversion rate from S-bonded SCN- to N-bonded SCN- is considerably 
slower than that of the reverse reaction.  
Through a home-developed software to realize the synchronization 
between 263A potentiostat (EG&G) and FTIR spectrometer, we have developed 
an electrochemical in situ rapid-scan time-resolved microscope FTIR reflection 
spectroscopy (RSTR-FTIRS), by which the collection of infrared spectra with an 
interval 2.6mV and the acquisition of cyclic voltammograms at a scan rate as 
large as 200mVs-1 can be done simultaneously. By using the RSTR-FTIRS, new 
information on the kinetics of methanol electrocatalytic oxidation in alkaline 
media was obtained. 
The establishment of the two types of electrochemical in situ fast 
time-resolved microscope FTIR reflection spectroscopy have progressed 
substantially the technique of electrochemical in situ external reflection infrared 
spectroscopy. The results concerning surface dynamic processes and kinetics 
obtaining in the present study have thrown a light in understanding at the 
molecular level the principle of electrode kinetics, and to develop the theory of 
electrocatalysis and relevant disciplines.  
 


















Appendix 2. Circuit of DC-coupled MCT amplifier  
基准电压源 
放大器输出，
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